Using in vivo multielectrode electrophysiology in mice, we investigated the underpinnings of a local, long-lasting firing rate suppression evoked by intracortical microstimulation. Synaptic inhibition contributes to this suppression as it was reduced by pharmacological blockade of GABA B receptors. Blockade of GABA B receptors also abolished the known sublinear addition of inhibitory response duration after repetitive electrical stimulation. Furthermore, evoked inhibition was weaker and longer in connexin 36 knock out (KO) mice that feature decoupled cortical inhibitory networks. In supragranular layers of KO mice even an unusually long excitatory response (up to 50 ms) appeared that was never observed in WT mice.
INTRODUCTION
Activity in neocortex is balanced by a heterogeneous population of inhibitory interneurons that comprise about a fifth of all cortical neurons (Peters, 1987; Szentágothai, 1978) . Besides setting the level of depolarization and firing rate of cortical neurons (Hentschke et coupling within inhibitory networks is important because it allows for tight synchronous firing -not only amongst the individual members of a syncytium but also of those neurons that communicate with the syncytium via chemical synapses (Galarreta and Hestrin, 2001a; Connors and Long, 2004) . These features have led to the notion that electrically coupled inhibitory networks may play a decisive role in generating and/or controlling rhythmic activity of the entire neocortical network (Buhl et al., 2003; Whittington et al., 1995) .
In this study we investigated how electrical coupling within inhibitory networks affects spatio-temporal activation patterns evoked by intracortical microstimulation. Electrical stimulation has been of general importance for experimental neurobiology (Tehovnik, 1996) and has recently gained new momentum in view of its prospective application in neuroprostheses (Zrenner, 2002; Rauschecker and Shannon, 2002; Nicolelis, 2001 ). Indeed, a large body of work from intracellular and extracellular recordings in the neocortex in vitro and in vivo described a close correlation of excitatory as well as inhibitory effects following electrical stimulation. Despite some variation across methods and preparations, the common finding was that excitation is evoked at short latencies and was always followed by a strong and long-lasting inhibitory response (see references in Butovas and Schwarz, 2003) .
Assessing spatial and temporal parameters of the responses as well as electrical parameters of the stimulation indicated that the inhibition was remarkably static in its temporal characteristics and extended up to 1.35 mm from the stimulation site (Butovas and Schwarz, 2003) . Its duration was larger than 100 ms and was almost unaffected by i) changes in near threshold stimulus intensity, ii) the distance to the stimulation site and iii) double pulse stimulation within the time span of its duration. The latter feature, in particular, suggested that it is synaptic inhibition that plays a major role in generating the inhibitory response because afterhyperpolarization or synaptic depression, the two major alternatives, would not be compatible with a virtual absence of prolonged inhibition after double pulse stimulation (Butovas and Schwarz, 2003) . Its stereotyped and long-lasting characteristics can be well explained by a combination of the highly synchronized action of electrically coupled inhibitory networks and the usage of long lasting inhibitory synaptic transmission. From the group of GABAergic synaptic mechanisms known to exist in neocortex, GABA B receptor- (Thomson and Destexhe, 1999) . In the present work we found evidence for these conjectures using a combination of stimulation and multisite recording in genetically modified connexin 36 knockout mice (Hormuzdi et al., 2001 ) lacking electrical coupling between neocortical interneurons (Deans et al., 2001 ).
METHODS

Surgery
Nineteen mice (body weight 18.3 to 28.1 g) of both sexes and both genotypes (ten wild type (WT) and nine connexin 36 deficient mice (KO) were used in present study. The generation of connexin 36 knockout mice is described elsewhere (Hormuzdi et al., 2001 ). All experimental and surgical procedures were performed in accordance with the policy and the use of animals in neuroscience research of the Society for Neuroscience and German Law.
The mice were anesthetized with a mixture of ketamine (100 mg/kg) and xylacine i.p. (10 mg/kg). The depth of anesthesia was maintained with additional doses of ketamine to keep the hind-limb reflex to a painful stimulus below threshold. The animal's rectal temperature and heart rate were constantly monitored. The temperature was adjusted to 37 ºC using a controlled heating pad (Fine Science Tools, Heidelberg, Germany). For recordings from neocortex, animals were placed in a stereotaxic apparatus and a craniotomy was performed to expose the primary somatosensory cortex. After removal of the dura mater a multielectrode array consisting of a row of 7 electrodes was lowered into the neocortex at an angle of 90° with respect to its surface using a hydraulic micropositioner (Kopf 650; David Kopf Instruments, Tujunga, CA). In some experiments we varied stimulation sites using a three electrode array of individually movable electrodes (EPS, Alpha Omega Engineering, Nazareth, Israel). The middle one recorded from units in the supragranular or infragranular layers, the outer ones, used for stimulation, were moved during the experiment from infra-to supragranular sites. Following placement of the electrode array the cortex was covered with mineral oil to prevent drying. The characteristic of recording sites was assessed using either an air puff, originating from a plastic tube (diameter about 0.5 mm), and directed against the whiskers (duration of pulse 20 ms, distance to whisker pad 2-3 cm) and/or a cotton swap lightly touching parts of the body. All recordings presented here were performed at sites at which stimulation of the contralateral whisker pad elicited clear unit responses in at least a subset of electrodes. The data of the present study were thus recorded in whisker and neighboring snout representations. At the end of experiment the recording sites were marked with electrolytic lesions. The animal was deeply anesthetized with barbiturates and perfused through the aorta using phosphate buffer (0.1 M) followed by paraformaldehyde (4 % in phosphate buffer). The brain was processed using standard histological procedures. The layer of recording was assessed by investigating lesions in Nissl-stained sections oriented orthogonally to the surface of the neocortex.
Electrodes
Multielectrode arrays were custom made in our laboratory. Seven pulled and ground glass coated platinum tungsten electrodes (80 µm shank diameter, 23 µm diameter of the metal core, free tip length ca. 8 µm, impedance >2 MΩ; Thomas Recording, Giessen, Germany)
were mounted inside a 1x7 array of polyimide tubing setting distance between tips to 300 µm (HV Technologies, Trenton, GA). The free ends of the electrodes were soldered to teflon insulated silver wires (Science Products, Hofheim, Germany) which in turn connected to a microplug (Bürklin, München, Germany). The electrode at one end of the row was used for electrical stimulation and was placed inside a stainless steel tube that was connected to ground MultiChannelSystems, Reutlingen, Germany). The electrical stimuli were identical to an earlier study and comprised the threshold to elicit neuronal responses in rats (Butovas and Schwarz, 2003) . The stimulus amplitude was fixed to 8 μA and the intensity was changed by varying the pulse duration between 100 and 600 μs in steps of 100 μs (charge transfer of 0.8 to 4.8 nC respectively, varied from pulse to pulse in pseudo-random fashion).
Pharmacology
To investigate effects of GABA B blockade on electrically evoked inhibitory response pattern CGP 46381 (Tocris, Ellisville, MO, USA), dissolved in saline (150 mg/kg i.p.) was administered. The effect of this intervention was monitored by suprathreshold single electrical pulses (charge transfer 4.8 nC) applied at a frequency of 0.2 Hz for up to 120 min after injection.
Data analysis
Analysis of inhibitory response was performed as described in a previous report ( 
RESULTS
Charge transfers equal or above 1.6 nC evoked a long lasting inhibition in WT mice followed, in some cases, by rebound responses at higher stimulus intensities ( Fig. 1, 3A ) similar to results obtained in an earlier study in rats (Butovas and Schwarz, 2003) . However, there were some quantitative differences to rats. The average duration of the inhibition was significantly shorter (82.5 ± 19.2 ms; n = 132 in mice vs. 118 ± 20.6; n = 186 in rats, Mann-Whitney U test, p<0.01). In addition, the responsiveness of neurons to local stimulation was lower than in rats. Although inhibitory response frequency was significantly different from zero at a stimulus intensity of 1.6 nC (as in rats), the fifty percent mark of response frequency was reached only at a stimulus intensity of 3. 5C ). Second, inhibitory response strength decreased with distance to the stimulation electrode (two-way ANOVA, p<0.05, n = 114). Third, double pulse stimulation within the inhibitory period did not elongate the inhibition ( Fig. 2A) .
Inhibition is based on GABAergic synaptic mechanisms
In principle, diminishing excitatory drive, hyperpolarizing trans-membrane currents as well as synaptic GABAergic transmission may be at the basis of the inhibitory response (Butovas and Schwarz, 2003 Employing CGP 46381 we consistently found a reduction of the duration of the inhibitory period. In the example shown in figure 1 the inhibition was almost completely abolished starting ~30 minutes after drug application and the spontaneous firing rate increased from 15.3 Hz to 68.4 Hz. This effect was reversed ~2h after drug administration. The reduction in duration of the inhibitory period and the increase in spontaneous firing rate was found in 3 animals (from 146, 116 and 81 ms to 71, 43 and 0 ms respectively; spontaneous firing rate changed from 38, 6.27 and 15.3 Hz to 160, 11.7 and 68.4 Hz respectively). Stimulating with double pulses showed a sublinear summation of the duration of inhibition in the three animals ( Fig. 2A) . In two animals that still showed some inhibition at the time of maximal GABA B receptor blockade, the opposite, a supralinear elongation of the remaining inhibitory response was observed (Fig 2B) . These results strongly indicate a contribution of inhibitory synapses using GABA B receptors to the suppression of firing rate after intracortical stimulation.
Furthermore, GABA B receptors seem to play a dominant role in determining the sublinearity of summation of response duration with repetitive stimuli. Fig. 3B ). Second, in some cases an excitatory response lasting for about 50 ms occurred (Fig. 3C ), a feature that was never observed in WT mice. Interestingly, the occurrence of this prolonged excitation showed a clear pattern across cortical depth. Recording sites were histologically identified in all 9 KO mice. Of the identified recording sites, prolonged excitation was the predominant pattern in supragranular layers (it was absent only in some cases close to the stimulus electrode) but in infragranular layers was missing (with the exception of one case, Fig. 3D ).
Shape of inhibition is dependent on the presence of connexin36 mediated electrical coupling
Next, we asked if prolonged excitation could be due to fast oscillatory activity (FO) observed showed that extended FOs were not accompanied by action potentials. On the other hand, recordings in supragranular layers showed only a small FO content which occurs before the action potentials that make up the elongated excitation (Fig, 4F) . In summary, these results do not argue in favor of FOs being at the basis of the prolonged excitation that precedes the inhibition in supragranular layers of KO mice.
Spatial spread of inhibition shows marked anisotropy in the absence of connexin36 mediated electrical coupling
We first investigated the spatial distribution of inhibitory responses in WT and KO mice with respect to horizontal cortical distance (Fig. 5A, B) . Surprisingly, the spread of inhibition along layers was very similar in WT and KO mice, albeit there was a certain tendency for inhibition in KO mice to be spread out more across the cortical surface at medium stimulus intensities Especially the transmission S-I was virtually blocked, in only 2 out of 5 units shallow and long inhibitory responses at very long latencies ~300 ms were evoked by using exceedingly large stimulus intensities of 64 nC (Fig. 6B, gray PSTH) . In I-S orientation 10 out of 10 units could be driven by increasing the stimulus intensity to 12 nC (Fig. 6B, gray PSTH) . The shape of this inhibitory response was comparable to the one obtained with S-S direction (duration:
Mann Whitney U test, p>0.05). Notably, the presence of elongated excitation depended on the location of the recording site. It was typically present in S-S and I-S situations but not in the other two. Therefore, the prolonged excitatory responses revealed by lack of connexin 36 are determined by the recipient neural structures rather than the location of the electrical stimulation.
DISCUSSION
The present study provides evidence that inhibitory networks have a strong impact on local cortical responses after intracortical microstimulation. In particular, the long-lasting suppression of firing rate characteristically seen after microstimulation (Butovas and Schwarz, 2003 ) is susceptible to pharmacological interference with GABAergic synaptic transmission.
Furthermore, the presence of connexin 36, the constituent of gap junctions coupling intracortical inhibitory networks, shapes the spatial spread, strength and duration of the response in complex ways.
Synaptic origin of inhibitory response
Intraperitonial administration of CGP 46381 at a dose of 150 mg/kg in our study induced an increase of spontaneous firing rate and a reduction of electrically evoked inhibition. These 
Temporal coordination of electrically evoked cortical inhibition
We found that the inhibitory response to electrical stimulation in KO mice differed from WT mice as it lasted longer and gave rise to excitatory responses of duration up to 50 ms. This 
Spatial coordination of electrically evoked cortical inhibition
We found that the horizontal spread of inhibition was principally intact in KO mice but its transmission across cortical depth required connexin 36-containing electrical synapses. In WT mice, a stimulus intensity of 2.4 to 3.2 nC caused an inhibitory response that spread to the neighboring column. In the absence of connexin 36, inhibitory activity evoked by the same stimulus intensity was unable to straddle the granular layer and reached the neighboring Only the two animals with measurable inhibitory duration were included. The two PSTHs depicted are computed from a recording taken at 543 µm subpial depth. figure 3B ). The inset shows the period following the stimulation at a higher temporal resolution. Prominent FOs are observed followed by a long inhibition. F: convention as in E but raw signal depicts typical recordings obtained from a supragranular layers (same case as shown in Fig. 3C ). Here, a succession of rather unimposing FOs followed by prolonged spiking is observed. 
